Cytomegalovirus (CMV) replicates rapidly in its human host with a doubling time of Ϸ 1 day. Using simple mathematical models we show that the efficacy of the anti-CMV drug ganciclovir (GCV) against wild-type strains is 91.5% [95% confidence interval (CI) 89 -94%] when given i.v. (5 mg͞kg twice a day) but only 46.5% (95% CI 45-47.5%) when given orally (1 g three times a day) whereas the corresponding figures for a typical GCV-resistant virus are 62% (95% CI 57-66%) and 35% (95% CI 33-37%), respectively. During prolonged periods of GCV therapy we show that the apparent sudden appearance of GCV resistance is explained by the combination of two exponentially increasing populations (wild type and mutant) at doses of GCV that do not completely inhibit CMV replication. Cell culture methods to assess CMV drug resistance in vivo will underestimate its prevalence because of the fitness loss of resistant virus in the absence of therapy. The parameters determined from these models then were used to predict the likely viral load and resistance patterns in patients on prolonged therapy with GCV. The modeled and experimental data showed excellent agreement over extended time periods (up to 270 days of therapy) and provide a framework to predict the virologic course of patients at therapeutic initiation.
H
uman cytomegalovirus (CMV) infection is widespread throughout the world. In the immunocompetent individual infection is usually asymptomatic but the virus can cause substantial pathology in the immunocompromised host (1, 2) . Hence, CMV disease is a major problem after organ transplantation and in individuals infected with HIV. Consequently, antiviral agents able to inhibit CMV replication have been introduced into clinical practice with concomitant beneficial outcomes (3) (4) (5) . The foremost agent used to control CMV replication in the immunocompromised host has been ganciclovir (GCV), although foscarnet and cidofovir also have been shown to be effective. In addition to the treatment of clinically overt disease, GCV has been used preemptively (at the initial signs of active infection), prophylactically (before evidence of active infection), and for long-term suppression of CMV replication subsequent to disease (6) .
Long-term administration of antiviral agents may lead to the development of resistance. In the case of CMV, GCV resistance maps to two genetic loci, the UL97 protein kinase that phosphorylates GCV to its monophosphate form and the CMV DNA polymerase (7, 8) . Temporally, mutations in UL97 usually occur first and give rise to low-level resistance (typically about 10-fold) followed by mutations in the DNA polymerase gene to yield high-level resistance (Ͼ30-fold). To date, patients who are treated with short-term i.v. GCV therapy [typically 14-21 days at a dose of 5 mg͞kg twice a day (b.i.d.)] have not developed a high incidence of GCV-resistant strains. However, in patients requiring long-term treatment (Ͼ100 days) especially with lower doses of GCV, i.e., 1 g oral GCV, three times a day (t.i.d.), resistance has been observed with increasing frequency (7, 9, 10) . Using conventional cell culture methods, resistance has been detected in approximately 8% of AIDS patients after extended GCV therapy (9) , whereas with the advent of molecular approaches to detect resistant virus this frequency has increased to 20-25% (7, 10) . We recently have shown that active CMV replication in the human host occurs dynamically with a doubling time of approximately 1 day and have defined relative fitness differences between wild-type and UL97 mutant strains of virus under different therapeutic conditions (11) . In the present paper, we use an approach based on knowledge of CMV replication dynamics and viral fitness to provide: (i) a rationalization of the differential appearance of GCV-resistance strains of CMV in patients on long-term and short-term therapy, (ii) an explanation of the different detection rates of GCV resistance depending on the methodology used, (iii) an estimate of the efficacy of different doses of GCV against wild-type and UL97 mutant virus strains, and (iv) an accurate prediction of the CMV load profiles in patients on long-term GCV therapy.
Materials and Methods
Patients Investigated. The data sets are derived from results of detailed investigations of AIDS patient cohorts whose clinical features have been described elsewhere (12) (13) (14) and from data relating to the replication dynamics of CMV in the human host (11) . With the exception of data from a heart transplant recipient published in ref. 15 (kindly provided by the authors) all of the remaining patients included in the study were AIDS patients with CMV disease (predominately AIDS retinitis) who were treated with GCV.
Laboratory Measurements of CMV Load and Resistance. With the exception of the patient described in ref. 15 , DNA was extracted from whole blood samples (200 l) by using ion-exchange chromatography with a Qiagen DNA extraction kit (Qiagen, Crawley, U.K.) according to the manufacturer's instructions. Primers directed to the glycoprotein B (UL55) gene of CMV were used for the qualitative and quantitative detection of CMV (16) . The primers amplify a 149-bp fragment of gB and the conditions for PCR have been described by our group (16) . The quantitative competitive-PCR method for assessing CMV load uses a control sequence consisting of a mutant version of the 149-bp authentic target sequence. The details of this method have been described (16) (17) (18) (19) . A point mutation assay was used to ascertain the distribution of wild-type and mutant alleles at codons of interest as described (14) .
Fitness of Wild-Type and Mutant CMV UL97 Strains in the Presence or
Absence of GCV. Two equations have been used for the calculation of the fitness differences between wild-type and mutant strains of CMV in the presence or absence of GCV. The first approach (Eq. 1) provides the relative fitness, s, of the population (in this case, different UL97 variants) and assumes replication occurs in continuous time. This equation requires knowledge of the relative proportion of the most-fit variant (p) and the least-fit variant (q) at times 0 and t, respectively. These quantitative parameters were obtained from the distribution of nucleotides at the site of interest as determined by a point mutation assay described elsewhere (14) . This equation previously has been used to calculate the fitness differences of CMV UL97 variants (11) .
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An alternative equation (Eq. 2) for calculating the fitness differences between two populations assumes evolution through discrete generations:
[2]
Similar to Eq. 1, this equation requires knowledge of the proportion of the least-fit and most-fit variants at times 0 and t but unlike Eq. 1 also requires knowledge of the number of generations that the population has traversed in the time period t. The doubling time of CMV in vivo was calculated in our previous work (11) and used here to determine the number of generations traversed in time t. Simulated repopulation curves of mutant UL97 genotypes were generated by computing the proportion of p(t) at daily intervals with different starting populations of q in the presence or absence of GCV by using Eqs. 1 or 2 as appropriate (see Figs.  1 and 2) .
In the examples shown, a fitness difference of 5.6% between mutant and wild-type strains has been used and is typical of single-site UL97 mutants, e.g., L595F (11) . To determine the effect of the fitness difference between wild-type and UL97 mutant viruses on the detection of resistant virus after in vitro passage in the absence of GCV, Eq. 2 was used. In these examples (see Fig. 2 ), two relative fitness values of mutant to wild type were used: 0.94 (a typical value for the L595F UL97 mutation) and 0.88 (the computed fitness difference for the double UL97 mutant M460V ϩ L595F) and are derived from our previous data (11) .
Estimating the Efficacy of Different Doses of GCV. The basic models used to describe the viral dynamics of CMV are similar to those described for HIV and hepatitis C virus (HCV) (20) (21) (22) (23) (24) and have been described in detail (11) . Although viral load decline after GCV approximates to an exponential decay process, the slope of decline is modulated by the efficacy of GCV. Similar to the data provided for HCV load decline after interferon therapy (22) , the slope of decrease can be used to estimate drug efficacy. In 10 patients receiving i.v. GCV induction therapy, the log reduction in viral load from baseline to Ͻ200 genomes͞ml blood was computed (⌬VL) and plotted against the time at which the viral load reached Ͻ200 genomes͞ml blood. The resulting data set was subjected to linear regression, which then was used to estimate the likely efficacy of drug and superimposed on computed ⌬VL time plots generated for different drug efficacy. These analyses were repeated for different doses of GCV and with different strains of virus (wild type and mutant). In some instances, e.g., during oral GCV therapy, the size of mutant and wild-type populations at the initiation of the drug regimen was computed by extrapolation of the linear regression line to the time point when therapy was commenced. All values quoted are the mean and 95% confidence intervals obtained from the linear regression model.
Predicting Viral Load Patterns of Resistant and Wild-Type Virus During
GCV Therapy. Data from AIDS patients and a heart transplant patient were used to assess the accuracy of the model to predict changes in viral load over time. Importantly these patients had not been used in the original calculations of the drug efficacy. Modeling was performed to generate a viral load time curve for wild-type and mutant virus and the experimental data points were superimposed on the resulting prediction. Proportion of UL97 single-site mutant within the population after the initiation of GCV therapy. Therapy lasts for 21 days and the fitness difference (s; Eq. 1) of mutant to wild type after cessation of therapy is the same as the fitness gain of mutant over wild type during therapy (5.6%). Three different starting concentrations of mutant within the population are modeled (0.015%, 0.15%, and 1.5%). 
Results

Appearance of GCV Resistance During Short-and Long-Term GCV
Therapy. Based on the fitness advantage of a single-site UL97 mutant in the presence of GCV and the doubling time of CMV in the host (approximately 1 day), an estimate of the proportional population size of mutant and wild-type strains of CMV can be obtained for different durations of GCV therapy. The results of these analyses are shown in Fig. 1 . In patients exposed to 21 days of therapy, the mutant population increases approximately 3-fold; even if the UL97 mutant virus comprised 0.5% of the virus population at the initiation of therapy, it would still only represent Ϸ1.7% of the population at 21 days. Upon cessation of therapy, repopulation of wild-type virus occurs because it is now more fit than UL97 mutant in the absence of GCV. In the example shown where the fitness gain of wild type over mutant in the absence of GCV is equal to the fitness loss during GCV therapy, the mutant population has returned to baseline levels by day 42. Thus, on the basis of this model, short-term GCV therapy should not result in a substantial increase in the frequency of resistant virus during therapy nor will it persist within the infected individual after cessation of therapy. In contrast, on long-term GCV therapy, a UL97 mutant with the same fitness advantage (5.6%), continues to repopulate at the expense of wild-type virus such that by day 145, mutant virus accounts for 30% of the population and by day 150 accounts for Ͼ90% of the population when the initial mutant population size is 0.5% (data not shown). These analyses do not change dramatically whether they are computed by using Eqs. 1 or 2.
Detection of GCV-Resistant Virus in Vitro.
The predicted effects of in vitro culture in the absence of GCV on the strain composition of CMV are shown in Fig. 2 . In the first case a single-site UL97 mutant is considered whereas in the second example a two-site mutant is modeled. In both cases, within 28 days of culture the composition of the viral population has changed in favor of wild type such that a 50:50 mixture of wild type͞mutant at the initiation of in vitro culture would comprise 17% mutant at day 28 if the fitness difference was 0.94 and 2.7% if the fitness difference was 0.88. It is only when the mutant is present as a high proportion of the population at baseline, i.e., inoculation into culture, that the effects of the differential fitness of the two species are minimized. Again these profiles do not change substantially when computed with either Eq. 1 or 2.
Efficacy of Different Doses of GCV Against Wild-Type and UL97 Mutant
Viruses in Vivo. Using exponential decay models incorporating the efficacy of drug at inhibiting replication the second-phase decline of CMV load after GCV therapy can be used to provide an estimate of the efficacy of i.v. GCV against wild-type CMV. Using data derived from the CMV load measurement in relatively frequent blood samples of 10 AIDS patients during 21 days of i.v. GCV therapy and computing the log decline in CMV load from baseline (⌬VL; see Materials and Methods) produced a linear relationship ( Fig. 3 ; r 2 ϭ 0.90; P Ͻ 0.0001). Superimposition of this line on the predicted viral load decay curves for CMV based on the previous replication dynamics data and different efficacy levels of i.v. GCV reveals that the best-line fit corresponds to an efficacy level of 91.5% [95% confidence interval (CI); 89-94%].
To ascertain the efficacy of lower doses of GCV, i.e., those used in oral GCV maintenance therapy, against wild-type and UL97 mutant strains of virus, viral loads for mutant and wild-type virus (see Materials and Methods) over time were plotted and linear regression analysis coupled with predictive modeling of the viral load patterns were computed for different efficacy levels. The results of a typical analysis are shown in Fig.  4 . The data show that the efficacy of oral GCV against wild-type virus is 46.5% (95% CI 45-47.5%; P ϭ 0.01; Fig. 4A ) whereas for a UL97 single-site mutant (L595F;L595S; data not shown) the efficacy is approximately 35% (95% CI 33-37%; P ϭ 0.01; Fig. 4B ). In addition to providing an estimate of drug efficacy, extrapolation of the viral load line to the point of initiation of therapy allows an estimate of the likely viral load of mutant and wild type at this time point, i.e., after 21 days of i.v. GCV. In the example shown in Fig. 4B , the extrapolated viral load of wild type is 0.6 genomes͞ml blood (95% CI, 0.01-33 genomes͞ml). Because this patient possessed a CMV load of 4.75 log 10 genomes͞ml blood at the initiation of i.v. GCV, the computed The clinical management of recurrences in CMV retinitis involves reinduction courses with i.v. GCV, which has allowed the efficacy of i.v. GCV against single-site UL97 mutants to be determined in a similar fashion to that used in Fig. 3 . Assimilation of data from four patients in whom UL97 mutant virus was present (Ͼ95% of the viral population) indicates that i.v. GCV has an efficacy of 62% (95% CI 57-66%; P ϭ 0.02) against these single-site mutants.
Changes in Mutant and Wild-Type CMV Populations During Oral GCV
Therapy. The effect of i.v. GCV is to substantially inhibit both wild-type and mutant virus replication with an efficacy of 91.5% and 62%, respectively. Therefore at the end of 21 days of i.v. GCV therapy CMV load levels will be reduced substantially (see Fig. 3 ) although the relative proportion of mutant virus within the population will have increased (see above). The data shown in Fig. 4 illustrate that oral GCV (1 g t.i.d.) achieves levels of drug that are incapable of completely suppressing viral replication, and so both wild-type and mutant populations will increase during oral GCV therapy at the growth rates calculated from Fig.  4 . The predicted viral load patterns of mutant and wild-type virus under oral GCV therapy is shown in Fig. 5 . Because the wild-type virus is the dominant species at the initiation of oral GCV it continues to be the major contributor to the total viral load even when viral loads rise above the limit of detection in the currently available assays (ca. 200 genomes͞ml). Thus, paradoxically, the kinetics of viral load after GCV therapy is determined not by mutant virus but by wild-type strains during the early phases of DNAemia. However, because of the differences in the relative efficacy of oral GCV against wild-type and mutant virus, this situation does not persist and it is the more rapidly growing mutant that eventually comprises the majority of the viral load. A feature of the data presented in Fig. 5 is that the simple exponential growth patterns of wild-type and mutant virus combine to give a more complex pattern to the overall viral load profile.
Predicting Viral Load Patterns in Patients on GCV Therapy. Finally, we address the question of whether knowledge of the efficacy of different doses of GCV coupled with the exponential growth͞decay models presented above can be used to predict the viral load patterns of patients on prolonged GCV therapy in whom resistance virus was detected. The first example of such modeling is shown in Fig. 5 and is an AIDS patient with CMV retinitis who was treated with i.v. GCV (5 mg͞kg b.i.d.) for the first 21 days, oral GCV maintenance therapy (3 g͞day) from days 22 to 126, i.v. GCV from days 127 to 134, i.v. GCV maintenance therapy (5 mg͞kg per day) from days 135 to 179, oral GCV maintenance therapy from days 180 to 203, reinduction i.v. GCV from days 204 to 225, and finally oral maintenance from days 226 to 247. This patient developed an L595F mutation during therapy that was predominant in the population by day 111 (Ͼ95%). The model and superimposed experimental data points for this patient show good agreement over the entire period of therapy (linear regression analysis, r 2 ϭ 0.95; P Ͻ 0.0001). Notwithstanding the close agreement between predicted and experimental viral loads shown for the patient in Fig. 6 it is important to determine whether this model is applicable to data sets obtained from other sources. Unfortunately, there is a paucity of published data where sequential, frequent viral load measurements together with mutational analyses have been affected. Nevertheless, the viral load and resistance profile of a heart transplant recipient prescribed extended periods of GCV is available (see Materials and Methods). This heart transplant recipient suffered a primary CMV infection posttransplant and was treated with multiple courses of i.v. GCV followed by a period of maintenance therapy with oral GCV (3 g͞day). During maintenance therapy a UL97 GCV-resistant CMV strain with a mutation at codon 607 (C to Y) of the UL97 gene developed. On the basis of the data presented above we have modeled the viral load profile of this patient while on oral GCV by assuming that the efficacy of different doses of GCV against the C607Y mutant is comparable to that observed for other single-site UL97 mutants (L595F, L595S). The results shown in Fig. 7 model the response of wild-type and mutant viral loads to i.v. GCV therapy (initiated at day 89 posttransplant) and during the subsequent period of oral GCV maintenance therapy. There is a good agreement between the predicted and experimental derived data (linear regression analysis, r 2 ϭ 0.72; P ϭ 0.0001), indicating that the parameter values used were appropriate. Indeed, using the viral loads of mutant and wild-type species predicted from the model, the composition of the viral population is 50% mutant at day 152, 88% mutant at day 173, and 94% mutant at day 180 compared with the experimental values of 35%, 85%, and 94%, Fig. 5 . Simulation of the viral load pattern of wild-type and single-site UL97 mutant CMV strains after initiation of oral GCV therapy. The total CMV load is shown and the proportion of mutant virus in the population at specific time points is superimposed as }. Fig. 6 . Simulation of the CMV load profile of a patient who develops an L595F mutation after GCV therapy. The alterations in therapeutic dose are shown together with the experimental CMV loads from quantitative competitive-PCR analyses.
respectively, at these time points determined by quantitative restriction digest analysis.
Discussion
Active CMV infection in the human host is a highly dynamic process (11) . In the present paper we have used knowledge of the doubling time of CMV and the fitness differences between wild-type and mutant UL97 strains to investigate the quantitative appearance of GCV resistance in vivo and its detection in vitro. These data also have allowed an estimate of the efficacy of the different doses of GCV used in clinical practice. Based on population dynamics, the model predicts that short-term therapy (Ͻ3 weeks) should not result in a substantial increase in the proportion of GCV-resistant strains of virus within the population. This prediction is consistent with the clinical experience of short-term GCV therapy in which GCV resistance has not been reported. In contrast, extended continuous periods of GCV therapy results in a continued growth advantage for resistant strains such that these strains will predominate within the population at a finite time during therapy depending on their frequency at therapeutic initiation and the efficacy of GCV against these mutant strains (see below). In AIDS patients undergoing oral GCV maintenance after CMV retinitis, GCVresistant UL97 strains of virus occur in approximately 22% of patients by 7 months (14) . An important conclusion based on the fitness differences between wild-type and UL97 mutant viral strains relates to the kinetics of wild-type repopulation during in vitro culture in the absence of GCV. For example, even for relatively minor fitness differences, a clinical sample containing a 50:50 mixture of wild-type and single-site mutant viral strains would comprise 83% wild-type strains by 28 days of culture (the time period frequently used to culture CMV from clinical sources), assuming a doubling time in vitro of 1 day. Thus, it is likely that cell culture propagation of CMV ex vivo will lead to a selection bias against GCV-resistant viruses resulting in the under-recognition of resistance, especially when mutant virus is present as a minority species within the clinical sample. Such predictions are consistent with the discrepancies between data on the prevalence of GCV resistance using cell culture (9) and molecular-based approaches directly on clinical samples (7, 14) . These observations parallel in vivo data showing that even when UL97 mutants comprise Ͼ99% of the population therapeutic alteration to a drug that does not require activation through UL97, e.g., cidofovir results in the rapid repopulation of the virus pool with wild-type UL97 strains (11, 25) .
Previous studies have shown that high doses of GCV, e.g., 5 mg͞kg b.i.d. i.v., act to rapidly inhibit CMV replication with concomitant declines in CMV load in blood and urine (11, 13) . These data have been used to estimate the clearance rate and hence generation time of CMV in vivo (11) . In the present study we have extended these models to assess the efficacy of different doses of GCV. Thus, i.v. GCV induction therapy has an efficacy of approximately 91.5% against wild-type virus but only 62% against single-site UL97 mutants and oral GCV (1 g t.i.d.) has an efficacy of 46.5% against wild-type virus. These differences in efficacy are consistent with pharmacokinetic studies showing that oral GCV (1 g t.i.d.) produces plasma GCV levels that are approximately 50% of those achieved with i.v. GCV (5 mg͞kg b.i.d.). The efficacy of i.v. GCV against wild-type CMV is similar to the efficacy of IFN-␣ against hepatitis C virus (81-96% depending on dose; ref. 22 ) and lamivudine against hepatitis B virus (ca. 93%; range 83-97%; refs. 21, 26, and 27). In contrast, oral GCV is not sufficiently efficacious to cause elimination of either wild-type or mutant virus and hence the population of both species increases. The models provided here show that the early stage of DNAemia is largely determined by the growth pattern of wild-type virus because this species is present at a higher viral load compared with mutant at therapeutic initiation. Nevertheless, this effect is transient and within a short time period the viral load comprises predominately mutant GCVresistant strains because of their growth advantage during GCV therapy. These predictions are consistent with the limited published data describing the quantitative alterations in the viral strain composition in patients on long-term GCV therapy (14, 15, 28) . The early appearance of a predominately wild-type population and the relatively rapid transition to a mutant population parallels the predicted composition of the population based on the fitness differences between wild-type and mutant virus (11) . The results of such models have implications for the frequency of monitoring of patients for CMV resistance and for the initiation of alternative therapeutic interventions and are reminiscent of the predicted HIV load and resistance patterns during AZT therapy (29) .
The prevalence and persistence of mutant strains of virus within a population depends on many factors, including the error rate of the polymerase, the fitness loss of the mutant, and the number of generations traversed. Theoretically, a mutant will dominate a population on a time scale of Ϫ Ϫ1 ln where is the growth rate of mutant and is the starting concentration of mutant. Thus, for a mutant frequency of 10 Ϫ2 -10
Ϫ3
with a generation time of 0.25 per day, the time for a mutant to dominate would be 24-34.5 days, which is shorter than the observed time for mutant domination in the patients studied here (see Fig. 5 and ref. 14) . This is probably accounted for by a combination of viral fitness and the competition between mutant and wild-type virus for infection of susceptible cells after i.v. GCV therapy. Estimates of the mutant pool in the AIDS patients included in the present analysis indicate a mutant frequency of approximately 0.5-1.5% and likely reflect the extensive periods of active CMV replication that precedes the development of CMV disease in this patient group. In contrast, in a transplant patient who suffers a primary CMV infection, the virus usually traverses far fewer generations before antiviral intervention. Hence, the frequency of mutant virus in this population is likely to be much lower (10 Ϫ8 -10 Ϫ9 ), which correlates with a time to mutant dominance under GCV of 92-103 days. This time scale for mutant dominance is comparable to that observed for the transplant patient shown in Fig. 5 . However, it should be noted that multiple doses of GCV interspersed with periods of active CMV replication are likely to increase the relative size of the mutant pool. Such an effect can be seen in Fig.  5 where the prevalence of the UL97 mutant is approximately 0.5% at the beginning of oral GCV therapy. This patient had been prescribed two previous courses of GCV interspersed between periods of active CMV replication (15) .
The ability of a model based on GCV efficacy and CMV dynamics to predict viral load patterns over extended periods of time for an AIDS patient and a heart transplant recipient who developed GCV resistance was assessed. In both cases the computed viral load-time curve closely followed the viral load determined experimentally even during multiple alterations in GCV therapy (see Fig. 6 ). In addition, using data derived from a different group of investigators with an alternative quantitative PCR assay and a patient developing a single-site mutant that had not been previously modeled (C807Y) produced excellent agreement. Further examples are required to determine the influence of the immune system on the replication kinetics of wild-type and mutant strains of CMV and the effects of GCV and other anti-CMV agents against other single-site and double mutants at either the UL97 or UL97 ϩ UL54 (DNA polymerase) loci. It is likely that such data will facilitate our ability to predict the viral load course of an individual prescribed an anti-CMV agent and to alter patient management as required and to evaluate the efficacy of newer antiviral agents as they become available.
